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The magnetic properties of a monolayer of Fe4 single molecule magnets grafted onto a Au (111)
thin film have been investigated using low energy muon spin rotation. The properties of the mono-
layer are compared to bulk Fe4. We find that the magnetic properties in the monolayer are consistent
with those measured in the bulk, strongly indicating that the single molecule magnet nature of Fe4
is preserved in a monolayer. However, differences in the temperature dependencies point to a small
difference in their energy scale. We attribute this to a ∼ 60% increase in the intramolecular magnetic
interactions in the monolayer.
A promising strategy to encode information in molecu-
lar units is provided by single molecule magnets (SMMs)
[1], chemically identical nanoscale clusters of exchange-
coupled transition metal or rare earth ions and associ-
ated ligands. SMMs have been used to study quan-
tum tunneling of magnetization and topological quan-
tum phase interference [2] and may find applications in
quantum information processing [3, 4, 5]. The assem-
bly of these systems on surfaces is currently investigated
[6, 7, 8, 9, 10, 11, 12, 13] as this represents a necessary
prerequisite for magnetic memory applications. Recently,
synchrotron-based techniques have been used to confirm
that Fe4 SMMs remain intact when grafted on a gold
surface preserving their unique magnetic properties [8].
However, the effect of the surface on an SMM is still not
well understood. This is due to the small quantity of
magnetic material contained in a (sub)monolayer which
prevents the use of techniques such as SQUID magnetom-
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etry or conventional nuclear magnetic resonance (NMR).
In this paper we overcome this obstacle by using a novel
proximal magnetometry technique utilizing muons as an
implanted local probe to investigate magnetic properties
of a monolayer of Fe4 molecules when they are grafted
on a Au (111) substrate. We anticipate that this method
will provide a powerful tool with a high sensitivity over
a wide range of time scales and energies, thus improving
our understanding of the influence of the surface on a
grafted SMM.
To date, Fe4 (Fig. 1) is the only SMM complex that has
been clearly shown to maintain its SMM behaviour when
grafted on a surface[8]. In the bulk it has a S = 5 ground
state and a reversal anisotropy barrier up to 17 K[14]. In
this work the properties of the monolayer measured us-
ing low energy muon spin rotation (LE-µSR) method (see
below) are compared to conventional muon spin rotation
(µSR) measurements in bulk Fe4 powder samples. In
both monolayer and bulk, the strength and distribution
of the magnetic dipolar fields from the Fe4 moments de-
termine the muon spin precession and relaxation. Inter-
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2estingly, the qualitative temperature dependence of the
relaxation in both monolayer and bulk are similar, how-
ever, the temperature scales differ. These results are in
agreement with previous X-ray absorption measurements
(XAS) [8], namely they show that the general SMM na-
ture of Fe4 is preserved in the monolayer, in contrast with
what is observed for the archetypal SMM Mn12 [15, 16].
Nevertheless, we detect modifications of the microscopic
properties of SMMs compared to bulk that we attribute
to an enhancement of the exchange interaction in the
tetranuclear cluster. LE-µSR is thus confirmed as an
exceptionally powerful tool for the investigation of mag-
netic nanostructures, providing a complementary view of
their magnetic properties.
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FIG. 1: (color online) A schematic view of the magnetic core
of the Fe4 single molecule magnet. The red balls denote
Fe3+ ions while oxygen atoms are shown in yellow and car-
bon atoms in gray. On the right panel we show the labeling
scheme of exchange interactions.
The LE-µSR experiments[17, 18] were performed on
the low energy muons beamline at PSI in Switzerland.
In these experiments 100% polarized positive muons are
implanted in the sample. The studied samples were
mounted in an ultra high vacuum (UHV) environment
on a cold finger cryostat. The experiments described
here were performed in the transverse field (TF) con-
figuration, where the muon polarization is transverse to
the direction of the beam and the applied magnetic field.
Each implanted muon decays (lifetime τ = 2.2 µs) emit-
ting a positron preferentially in the direction of its po-
larization at the time of decay. Using appropriately po-
sitioned detectors, one measures the asymmetry of the
muon beta decay along a certain direction as a function
of time A(t), which is proportional to the time evolution
of the muon spin polarization, P (t), along that direction.
A(t) depends on the distribution of internal magnetic
fields and their temporal fluctuations. In LE-µSR ex-
periments, the muons implantation energy can be varied
between 1 − 32 keV, corresponding to an average im-
plantation depth of 5− 200 nm, allowing depth resolved
LE-µSR measurements.
LE-µSR measurements on two samples are reported
here; sample 1 is a monolayer of a Fe4 (hereafter re-
ferred to as FeML4 ) grafted on a 200 nm thick Au(111)
film through sulfur-functionalization[14, 19]. Sample
2 is an identically prepared bare Au(111) film, used
as a control sample in order to confirm that the ef-
fects measured in 1 are solely due to the grafted FeML4 .
The functionalized Fe4 cluster [Fe4(LA)2(dpm)6], where
Hdpm=dipivaloylmethane, and H3LA=11-(acetylthio)-
2,2-bis(hydroxymethyl)undecan-1-ol, synthesized accord-
ing to Ref. [19] has been used to prepare a monolayer on
gold by a wet chemistry approach. This is based on a
three-step process as described in Ref. [8]; 1) Hydrogen
flame annealing of a ∼ 200 nm thick Au film (evaporated
on mica) to obtain a flat Au(111) surface, 2) incubating
the annealed Au film in a solution of [Fe4(LA)2(dpm)6]
in CH2Cl2 for 20 hours to insure full coverage of the Au
surface, and 3) repeated washing with CH2Cl2 to remove
the excess of physisorbed molecules and drying the sam-
ple in nitrogen flow.
The temperature and magnetic field dependence of the
LE-µSR precession signals in both samples were mea-
sured by implanting the muons at different energies in
the Au film, below the FeML4 monolayer. The mag-
netic field was applied perpendicular to the Au sur-
face. These results are compared here to the bulk µSR
measurements performed on sample 3 [20]; a powder
sample of an unfunctionalized [Fe4(LB)2(dpm)6] cluster,
where H3LB is the commercially available tripodal lig-
and 1,1,1-tris(hydroxymethyl)ethane, prepared accord-
ing to Ref. [21] (hereafter referred to as FeB4 ). In the
bulk, both functionalized and unfunctionalized Fe4 clus-
ters have very similar spin Hamiltonian parameters, in
particular the nearest-neighbor exchange interaction be-
tween Fe spins are Ji = 22.2− 22.9 K (depending on the
crystal phase) [14, 19] and 23.8 K [21] for the function-
alized and unfunctionalized clusters, respectively.
Typical LE-µSR precession signals recorded at T = 6
K and two different implantation energies (E) are shown
in Fig. 2. The corresponding muon stopping profiles
at 1.5 and 22.5 keV implantation energies are shown in
Fig. 2(a). The muon polarization follows a precessing
damping signal
P (t) = P0 cos(ωt)e−λt, (1)
where P0 is the initial polarization, ω is the precession
frequency and λ is the damping/relaxation rate of the
oscillations. In these measurements, the precession fre-
quency is ω = γB, where γ = 135.5 MHz/T is the muon
gyromagnetic ratio and B is the average local magnetic
field experienced by the muons. The relaxation rate λ
gives a measure of the width of the distribution of local
magnetic fields, thus a wider field distribution results in a
larger λ. Note that this parameter is primarily a measure
of the local static magnetic fields, but may also include
small contributions from dynamic magnetic fields as well.
In general, muons are sensitive to magnetic field fluctu-
ations in the range 10−11 − 10−4 s. Faster fluctuations
are averaged out while slower fluctuations are static over
the lifetime of the muon (2.2 µs).
The average local field measured at all temperatures
and implantation energies (in both samples 1 and 2) was
equal to the applied field, B0. However, the distribution
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FIG. 2: (color online) (a) A schematic view of sample 1 where the FeML4 molecules are grafted on the Au film. The stopping
profiles of muons in Au at E = 1.5 and 22.5 keV are also shown. Typical muon spin precession spectra in the rotating reference
frame measured in sample 1 at T = 6 K, B0 = 110 mT and implantation energy (b) 1.5 keV and (c) 22.5 keV. The solid lines
are fits to a damping precession signal and the dashed lines represent the damping amplitude.
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FIG. 3: (color online) The relative relaxation rate measured
in sample 1 (full symbols) and 2 (open symbols). The squares
and circles indicate measurements in B0 = 8.3 mT and 110
mT, respectively. The lines are a guide to the eye.
of fields measured by λ exhibits a strong T and E de-
pendence only in sample 1 but not in 2. For example,
in Fig. 2(b) we plot P (t) at E = 1.5 keV, where most of
the muons stop within 10−20 nm of the Au surface, and
the dipolar fields from the FeML4 moments are large [15].
In contrast, in Fig. 2(c) we plot P (t) at E = 22.5 keV
where the average muon implantation depth is ∼ 100 nm,
and the dipolar fields at this depth are negligible. There-
fore, the measured λ at 1.5 keV is larger than that at
22.5 keV. Note that the dipolar fields sensed by the im-
planted muons are proportional to the average size of
the FeML4 magnetic moment, which is determined by the
population of the different spin states of FeML4 [14, 19].
The strong temperature dependence of λ measured at
low energy is shown in Fig. 3. Here we plot λ in sample 1
relative to 2; i.e. zero relaxation is taken as the average
relaxation measured in the reference sample (since there
is no temperature and field dependence). Note that the
precession signals measured in sample 2 are identical to
those measured at high energy in sample 1 and do not
depend on T or E.
At high temperatures (T  Ji) and E = 1.5 keV
the relaxation rate is temperature independent and small
(similar to sample 2). This is due to fast thermal fluc-
tuations of the individual Fe magnetic moments, which
average out the dipolar magnetic field experienced by
muons and therefore produces a narrower field distribu-
tion (smaller λ). Below ∼ 40− 50 K the relaxation rate
increases rapidly with decreasing temperature, indicat-
ing a slowing down of the fluctuations of the Fe moments
and an increase in the magnetic correlations within each
molecule. Therefore, the average magnetic moment per
molecule and hence the dipolar fields on the muons in-
crease. At B0 = 110 mT the relaxation rate peaks at ∼ 6
K and then decreases upon further cooling, in contrast
to the monotonic increase at B0 = 8.3 mT. The differ-
ence between the temperature dependencies at different
fields is due to the strong field dependence of the Fe4 spin
energy levels and its magnetic moment [14].
Similar bulk µSR measurements were done on a pow-
der FeB4 sample, in the same temperature range and ap-
plied field transverse to the muon spin direction. In these
measurements, we detect two precession signals due to
two inequivalent muon sites. The temperature depen-
dence of the precession parameters are qualitatively sim-
ilar for both sites, and therefore we compare the mea-
surements in the monolayer to the precession signal of
the majority of the muons in bulk. The relaxation rates
measured at B0 = 8.3 and 110 mT are shown in Fig. 4(a)
and (b), respectively, along with the corresponding data
in FeML4 . As in the case of the LE-µSR measurements,
these relaxation rates are due to the distribution of dipo-
lar fields in bulk at the respective applied fields. There-
fore, the underlying mechanism of spin relaxation in both
cases is identical.
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FIG. 4: (color online) The relaxation rate as a function of the
normalized temperature measured in bulk Fe4 compared to
monolayer at fields (a) 8.3 and (b) 110 mT. The lines are a
guide to the eye.
The observed temperature dependence of the relax-
ation rates is typical of molecular nanomagnets and re-
flects the building up of exchange correlations among the
spins of the molecule, widely investigated using NMR and
µSR [22, 23, 24]. As expected, the temperature depen-
dencies measured in the monolayer have striking quali-
tative resemblance to those measured in bulk. However,
the ratio of the relaxations in FeB4 :Fe
ML
4 is ∼ 300 : 1
indicating that the muons in the monolayer are on aver-
age ∼ 7 times further from the Fe4 moments compared
to bulk, and therefore experience much smaller dipolar
fields. Interestingly, the temperature dependence in the
monolayer seems to be shifted to higher temperatures
compared to bulk. This shift is almost logarithmic in
temperature, indicating that it occurs due to a temper-
ature independent increase in the energy scales of FeML4
compared to FeB4 .
Given the sensitivity of muons to the energy spectrum
arising from exchange interactions in magnetic molecules
[22, 23, 24] we attempt to rationalize the observed shift
by using the following spin Hamiltonian for Fe4 [19]
H0 = JiS0 ·
3∑
k=1
Sk+Je [S1 · S2 + S2 · S3 + S3 · S1] , (2)
where Ji is the super-exchange coupling between the cen-
tral (S0) and the three peripheral (Sk) Fe ions, and Je
is the next nearest neighbour interaction (Fig. 1). Since
Ji  Je the landscape of total spin levels is determined
mainly by Ji. In a simplified picture we interpret the
temperature dependence of λ as follows. For T  Ji the
individual Fe magnetic moments are thermally fluctuat-
ing. These fluctuations slow down as T approaches Ji,
and continue to do so at lower temperatures as corre-
lations between the individual Fe moments within each
molecule are formed. This is also accompanied by an in-
crease in the average magnetic moment of the molecule.
The increase observed in the relaxation rate is associ-
ated with the increase in dipolar fields due to the larger
moments as well as the slowing down of the fluctuations
[23, 24, 25]. Since Ji provides the basic energy scale in
this system (at high temperatures), it is intuitive to plot
the relaxation rate as a function of the normalized tem-
perature, T/Ji (Fig. 4). For the Fe4 clusters used here
JBi evaluated from magnetic measurements is found to be
23 (1) K [14, 19, 21], and therefore the temperature de-
pendence of the relaxation rate in FeB4 shows a dramatic
increase below T/JBi ∼ 1. In contrast, the value of the
coupling JMLi in Fe
ML
4 is unknown. However, in order
to obtain a similar behaviour to that seen in bulk, one
has to plot the relaxation rate in the monolayer against
a normalized temperature T/JMLi , where J
ML
i = 37(1)
K. This clearly produces an excellent agreement between
the relaxation rates measured in bulk and monolayer for
all temperatures and magnetic fields, suggesting that the
main difference between Fe4 in bulk and monolayer can
be accounted for by a ∼ 60% increase in Ji of FeML4 over
FeB4 . Enhancement in the Fe-Fe J coupling as a function
of the Fe-O-Fe angle has been observed in iron dimers
[26], and predicted using first principle density functional
theory calculations [27]. We should also take into account
that thermal fluctuations of the spins are governed by the
spin-phonon coupling and sound velocity [28]. These are
also expected to be dramatically altered by the differ-
ent environment of the monolayer, and could result in
the apparent change in energy scale. However, it is less
likely that this effect plays a dominant role since it would
not explain the observed scaling between monolayer and
bulk.
In conclusion, our results have demonstrated that the
general SMM nature of Fe4 is preserved in the monolayer,
in contrast to the case of Mn12[15, 16]. The observation
of a different temperature scale of the magnetic proper-
ties of the monolayer suggests an enhancement of the in-
tramolecular interactions between the individual Fe ions
within the Fe4 core. This implies a non negligible role
played by the surface, which, once understood, could be
exploited to tune the magnetic properties of nanostruc-
tured SMMs. By using polarized muons as proximal mag-
netometers, we have developed a very powerful technique
able to characterize the magnetic properties of exceed-
ingly small amounts of magnetic molecules, over a wide
range of time scales and energies. This capability opens
the possibility to investigate the details of the effects of
surfaces on the magnetic properties of molecular nanos-
tructures, which is not possible using other conventional
techniques.
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